The cAMP signal pathway controls various biological functions, including secondary metabolism of filamentous fungi. We found that exogenous cAMP represses the production of lovastatin, red pigments, and citrinin in Monascus. Interestingly, a mutant MK-1 with increased lovastatin and red pigments production (Miyake, T., et al., Biosci. Biotechnol. Biochem., 70, 1154-1159 (2006 ) was not influenced by cAMP on these productions, indicating that cAMP signaling might be lacking in MK-1.
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Organisms cannot survive without response and adaptation to environmental changes. The cAMP signaling pathway has critical roles in sensing environmental changes and translating those changes into various biological responses in many organisms. This mechanism is commonly summarized as follows: the G-protein coupled receptor sensing the presence of glucose activates adenylate cyclase, converting ATP to cAMP. Stimulation of protein kinase A (PKA) activity by cAMP accumulation leads to phosphorylate downstream targets, resulting in various biological functions.
There have also been many reports on links of cAMP signaling to the control of many biological functions in fungi, including growth differentiation such as filament, dimorphism (in yeast and several fungi), and sporulation (in Neurospora and Aspergillus).
1,2) Particularly, genetic links of the cAMP signaling pathway to sporulation and secondary metabolism have been demonstrated in Aspergillus nidulans.
1) The FadA coding alpha subunit of G-protein positively regulates PkaA coding of the catalytic subunit of PKA. PkaA mainly blocks conidiation and mycotoxin production through repression of the various specific transcription factors.
Monascus species can also produce various polyketides, including lovastatin, red pigments, and citrinin as secondary metabolites, 3) but cell development, including cAMP signaling in Monascus, has not been studied yet.
Previously we indicated the relation of cell development to secondary metabolism from the effects of light. 4) We here report the effects of cAMP, which might be a major second messenger in the cell development of Monascus, on the production of secondary metabolites.
We have reported the effects of carbon/nitrogen sources on lovastatin production and optimized medium compositions for high lovastatin production, also indicating that lovastatin production is regulated by strict glucose repression. 5) From that result, we defined and used three media: PD (potato dextrose broth; BD, Franklin Lakes, NJ), GGP (3% glucose, 7% glycerol, 3.8% peptone, 0.1% MgSO 4 . 7H 2 O, 0.2% NaNO 3 ), and MGP (1% maltose, 7% glycerol, 3.8% peptone, 0.1% MgSO 4 . 7H 2 O, 0.2% NaNO 3 ), which lead to low, moderate and high lovastatin production respectively. Lovastatin production is regulated differentially based primarily on the carbon composition of these media in their role of glucose repression. Approximately 10 7 spores from the culture of M. pilosus IFO4520, M. pilosus mutant MK-1, and M. purpureus IFO4478 maintained on PDA (potato dextrose agar; BD) for 10 d at 30 C were inoculated into 25 ml of each medium with or without 10 mM cAMP (Sigma-Aldrich, St. Louis, MO) in a 100-ml flask and incubated at 25 C at 120 rpm for 21 d. After growth in culture, fermentation broth and cells were separated by filtration. Biomass was determined based on the dry-weight of the filtered cells. Fermentation broth was assayed for lovastatin and red pigments or citrinin production after 0.45 mM filtration. Red pigments content was estimated and expressed as absorbance units (U) at 490 nm. Lovastatin and citrinin contents in the fermentation broth were determined by chromatograms detected at 237 and 260 nm respectively under established conditions, as described previously, 4) and the peaks of lovastatin and citrinin were identified by mass spectra.
Lovastatin and red pigments production after cultures of M. pilosus IFO4520 in PD, GGP, and MGP with or without 10 mM cAMP are shown in Table 1 . Lovastatin production in all media was critically reduced by the addition of cAMP, although no influence on biomass formation was observed (data not shown). In the same cases, red pigments production also was reduced (Table 1) . Additionally, in order to test the effect of cAMP on mycotoxin citrinin production by Monascus species, M. purpureus IFO4478 was cultured in GGP with or without cAMP, because M. pilosus IFO4520 apparently does not produce citrinin.
4) It was found that cAMP also reduced citrinin production (Table 1) . These results apparently indicate that cAMP signaling represses production of secondary metabolites in Monascus. Moreover, observation of the same repressive effect by cAMP in all differential lovastatin productive media suggests that the regulation of lovastatin and red pigments production by carbon sources such as glucose repression might be largely dependent on the cAMP signaling pathway.
Previously we isolated a mutant MK-1 with substantially increased lovastatin and red pigments production. 5) Strict glucose repression of lovastatin production might be derepressed in MK-1 due to its ability to produce the most lovastatin and red pigments on medium containing glucose as a carbon source, unlike the wild type. Next, the effects of cAMP on lovastatin and red pigments production in a mutant, MK-1, were examined in the same way. After cultures of MK-1 in PD, GGP, and MGP with or without 10 mM cAMP, lovastatin and red pigments production were determined. Interestingly, production in MK-1 was not influenced by cAMP at all ( Table 1 ), indicating that MK-1 lacks any cAMP signaling to downstream. Moreover, MK-1 has an interesting morphology, a small red-appearing colony formed on PDA, 5) which appears to be somewhat similar to the small morphology of the A. nidulans delta-pkaA colony. 1) This morphology feature of MK-1 prompts us to assume that MK-1 might have a defection(s) in PKA. Of course, the PKA activity of MK-1 should be addressed in further study, and details of PKA activity regulated by the intracellular cAMP concentration in Monascus also ought to be evaluated.
This result is important in showing the repressing effect of cAMP signaling on secondary metabolism in Monascus. We have also observed preliminarily morphological differences by cAMP within a colony on a plate, pellets cultured in liquid medium, and sporulation. cAMP tended to make mycelia in the tip of a colony a little long and loose and the morphology of the pellet more fluffy, and to stimulate asexual sporulation (conidiation) (data not shown). In Aspergillus, in contrast, cAMP down-regulates conidiation. This apparently conflicting phenomenon might be explained by the relatively down ratio of sexual sporulation to the stimulation of conidiation by cAMP in Monascus, because sexual sporulation, not conidiation, reproduces the final resting form in the life cycle of the teleomorph fungus. A connection of up-regulation to both sexual sporulation stimulation and secondary metabolism by the effects of light has also been observed. 4) Hence we propose that these morphological differences, such as stimulation of conidiation by cAMP, have to do with the reduction of secondary metabolite production.
Including M. pilosus, which has similar but tighter regulation of lovastatin production by nutrients such as carbon in the medium to Aspergillus, 5) our results support the conclusion that a cAMP signaling similar to Aspergillus appears to operate in Monascus. In Aspergillus, the cAMP/PKA signal negatively transfers to downstream sporulation and secondary metabolism through the various specific transcription factors such as BrlA (to conidiation) and LaeA (to secondary metabolite production), following AflR specialized for sterigmatocystin production. 1, 6) But no genetic factors receiving the cAMP/PKA signal and/or influencing sporulation and secondary metabolism have yet been identified in Monascus. These are needed to understand the regulation of these functions. We expect that any genetic differences in receipt of the cAMP signal to secondary metabolism in MK-1 as compared to the wild type can contribute a hint to understanding this mechanism. We have identified MpLaeA (LaeA homolog in M. pilosus) and are getting new insight into the very interesting relation of MpLaeA regulation to secondary metabolism, as described elsewhere (Zhang and Miyake, submitted). These findings should greatly improve understanding of secondary metabolism regulation in Monascus.
